Abstract. Centrifugal spinning is a new and efficient method to produce nanofibers quickly. It makes use of the centrifugal force instead of high voltage to produce the nanofibers. The centrifugal spinning has many advantages such as no high voltage, high yield, simple structure, no pollution and can be applied to high polymer material, ceramic and metal material. In order to have more understand about this novel nanofibers formation method, this paper introduces the method of centrifugal spinning and the effect of rotation speed, the properties of material such as viscosity and solvent evaporation, collector distance which have an impact on nanofibers morphology and diameter were also analyzed.
Introduction
Nanofibers are widely used in a lot of fields such as textile industry, medicine, energy and polymer transistors and have attracted much attention because of the high surface area to volume and superior mechanical performance [1] [2] . Besides, nanofibers have another character that they have shown great mechanical and thermal properties [3] [4] [5] . There are a great deal of ways to produce nanofibers, such as stretching method and electrospinning. Electrospinning is a traditional method to generate nanofibers due to the simple operation and the relatively high production efficiency. Electrospinning is a method in which the solution of the material is forced though a spinneret which is charged at high voltage [6] . Electrostatic force makes the material stretched, when the surface tension is overcome, a jet is ejected from the spinneret, then the jet undergoes a spiral trajectory and finally the jet arrives the collector. Although there are many virtues to the electrospinning process, the low fiber production rates, high voltage (5kV~60kV), solvent limitations and so on make it unable to large scale commercial use [7] [8] [9] [10] . In recent years, some progresses have been made to increase the production rate of electrospinning. For instance, modied single-needle, multi-needle, needleless systems have been improved to increase nanofiber production rate. But from some previous research, applying the centrifugal force may result in a great increase in the production rate of nanofibers. Some researchers started to use centrifugal forces from a rotating disk to fabricate nano-scale fibers.
So a new way of nanofibers production which is called centrifugal spinning came up, it has overcome many weaknesses of the electrospinning process and has proved to be a better alternative way for nanofibers formation [11] . Unlike the process of electrospinning, the centrifugal spinning utilizes centrifugal force to produce nanofibers. The principle of the centrifugal spinning is shown in Fig.1 . 
The method of centrifugal spinning
The equipment of the centrifugal spinning consists of a spinneret containing material which is in solution form such as polymer solutions, then the motor drives the spinneret to spin about its axis of symmetry [12] . When the angular speed is larger than the limitation which is determined by the balance between surface tension and centrifugal force, the material is then expelled out as a jet from a small orifice of the spinneret [13] . If the forces exerted on the jet are too high, the surface tension of the polymer solution will cause the jet to break up and produce beads. This may occur in certain conditions where the angular velocity of the spinneret is low because the centrifugal forces is low and the viscosity of the polymer solution is not too high. As the solvent evaporates, the material goes along a curved way. At this moment, the centrifugal force drives the material. Then the material continues to move and finally it reaches the wall of the collector. After the jet expelled out, it forced by the air resistance, so the jet follows a curved trajectory. Air resistance has significant effects on the movement of the liquid jet. An effect of air resistance is the deflection of the jet and causes the jet to progressively bend up. Another effect of air resistance is that it will enhance the surface instabilities. Exposing the jet to the high velocity airflow causes the jet to lose its solvent rapidly and as a consequence, the extension of the jet becomes more difficult. It will also result in thicker nanofibers as the other effect of air resistance. Finally, air resistance could lead to fabricate beaded nanofibers [14] . But it is also said that if both the spinneret and the collector rotate at the same time and direction, air stream will rotates as a rigid body. Therefore, the effects which caused by the air resistance on the jet are negligible. So this method is variable and can be divided into three stages.
The first stage
The first stage of the centrifugal spinning is injecting the material into the spinneret. As mentioned above, there is a motor which drives the spinneret rotating. When the material rotates with the spinneret, the material is forced by many forces, such as friction, gravity, surface tension and centrifugal force, but the surface tension and the centrifugal force take the leading part, others forces are negligible. This stage is shown in Fig.2 . As the spinneret rotates, a small solution droplet is seen to originate from the orifice due to the centrifugal forces experienced on the solution within the spinneret. Once the solution droplet reached the lower edge of the orifice, the second process started [15] . 
The second stage
The second stage of the centrifugal spinning is that the material is expelled out from the orifice when the centrifugal force is larger than the surface tension [16] [17] .
Because of the centrifugal force, the polymer solution sustained by its surface tension is explled outward through the orifice.
The centrifugal force of the material can be expressed as equation (1).
Where m is the mass of the material, r is the radius of the spinneret, Z is the speed of the spinneret. This equation shows that there is a critical angular velocity exists that produces a jet.
After this stage, the material will go into the third stage.
The third stage
The third stage of the centrifugal spinning is the stage that the nanofibers form. After the material expelled out from the spinneret, it will go along a curve way with the solvent is evaporating, at the same time, the inertia force will make the material stretch. So the diameter of the material will become smaller and smaller, and finally when it reaches the collector, it forms the nanofibers. The third stage is shown in Fig.3 . This great new method of nanofibers production relies on the centrifugal force, so it can be used to other new materials that are impossible with the electrospinning. The production efficiency of the centrifugal spinning is much higher than electrospinning. By summarizing, fiber formation requires a critical angular velocity because only if it is reached, a jet can be produced. These conditions have been established in the fiber formation part. Afterwards, another angular velocity must be established at which the fiber reaches what will from now on be described as the trajectory of fiber. During trajectory, the fiber reaches a stable position during which the fiber continues to be stretched without a significant change in its distance to the collector. It is during this period that the fiber diameter experiences the most reduction. It is also during this time that the fiber experiences vibration in the form. After several spinneret rotations, the fiber diameter is reduced considerably and begins to once again expand outwards to eventually reach the collector. Finally, a collector is used to gather the produced fibers.
Influence of material parameters to nanofibers morphology
Understanding the three stages of this method for nanofibers formation, it will provide the proper choose of material properties such as viscosity and surface tension, operating parameters such as angular velocity, temperature, machine devices such as spinnerets and collectors. When using centrifugal spinning to produce nanofibers, the material must be in solution or melt form. And these characters of the solution are important in determining the final nanofibers diameter and morphology [18] . There are many parameters that affect the quality of nanofibers. At the process of nanofibers production, two significant material parameters which are the surface tension and viscosity should be considered. Besides, there are some others parameters that should also be considered, such as the speed of the spinneret, the distance of the collector and the diameter of the orifice [19] [20] . The other parameter such as initial polymer concentration, solution density, perturbation frequency and solvent vapour pressure has been found to be moderate, so these parameters can be neglected.
Surface tension
In the centrifugal spinning, the surface tension of the material is a key parameter in nanofibers production. The centrifugal force and the surface tension together affect the formation of nanofibers [21] [22] . At the second stage of the centrifugal spinning, the surface tension must be overcome by centrifugal force so the solution of material can form the Taylor cone at the orifice. The surface tension will make surface energy of the solution less and this will lead to the formation of droplets rather than the nanofibers, but the centrifugal force can connect the droplets together and make sure that the nanofibers will not break, so the centrifugal force is the key in the process of nanofibers formation. When other parameters are proper, decreasing the surface tension of the material will help to form the nanofibers.
Viscosity of solution
Another parameter that must be controlled for good fiber formation is the viscosity of the polymer melt or solution. Due to the large viscosity, the forces being used to draw the fiber may not be strong enough to create a jet. On the other hand, the viscosity is low, the jet may break up and produce beads instead of fibers. For the polymer solution, if the viscosity of solution is too large, the gravitation between molecules will be large and it will make the molecules tangle together, the external force cannot make the solution expel out from the spinneret and the nanofibers cannot be produced too [23] . If the viscosity of solution is too small, the droplet will form or the material will break in the third stage of the centrifugal spinning. The number of the viscosity of solution is related to the temperature and the properties of solution. Besides, the viscosity of solution will affect the velocity of the solution and the morphology of the nanofibers. When the velocity of the solution increases, the diameter of nanofibers will decrease.
The speed of the spinneret
The speed of the spinneret is also an important parameter that will determine the nanofibers production, because the solution is forced by the surface tension and centrifugal force, when the speed of the spinneret is small, the centrifugal force can not overcome the surface tension, the solution will be stuck in the spinneret. So the speed of the spinneret should be proper. When the speed is proper, the quality and morphology of the nanofibers are good [24] . So the centrifugal force plays a leading role in the process of nanofibers formation, when the speed of the spinneret increase in a right range, the diameter of the nanofibers will decrease. Some experiments show that the 14000 rpm is the best speed to produce nanofibers. It is said that when the speed of the spinneret is increased and the trajectory is expanded, the fiber diameters are reduced, and the fibers produced become more uniform in size.
The distance of the collector
The distance of the collector means the distance between the spinneret and the collector. When only the distance of the collector is changed, the diameter of the nanofibers does not change much, but there are some changes in the morphology of the nanofibers: the nanofibers are more twisted and broken [25] [26] . When the speed of the spinneret increases, the trajectory of the material will expand, so the distance of the collector should also increase. When the viscosity of the solution increases, the speed of the nanofibers will decrease, so the distance of the collector should decrease. But if the distance of the collector is too short, the fiber will not be allowed to stretch enough and then the diameter of the produced fiber will be large. How to decide the most appropriate distance is only depended on how long it will take for the solvent to evaporate, the distance required to allow the fiber to begin to be expelled outwards and the model of collection method used.
The evaporation rate
The evaporation rate of the polymer solution jet means much in centrifugal spinning. As the jet is expelled out from the spinneret and went toward the collector, the fiber would go on a rapid evaporation which also decreased the diameter of the fiber. If the evaporation rate of the solution is too low, then the fibers may be converted to a thin film as the layers build up on the collector. If the evaporation rate is too high, then the third process of the fiber formation is disturbed and finally it will produce fibers with large diameters [27] . This is dependent of a lot of factors such as the rate of heat supply, boiling point, surface tension of liquid, vapor pressure, interaction between solvent and solute molecules, and air movement on the solution surface.
The diameter of the orifice
The diameter of the orifice directly determines the flow of the solution and the initial diameter of the fiber. When the orifice is too large, it will result in droplet forming [28] . When the diameter of the orifice is adequately small, it is easier to produce the nanofibers. Some researches indicated that decreasing the orifice diameter decreases the final diameter of the collected fibers. Studying the effects of the various parameters in centrifugal spinning, it was found that the two most influential parameters are the angular velocity of the spinneret and the viscosity of the solution.
Conclusions
This paper introduces the method of centrifugal spinning and the three stages of it and also briefly describes the advantages of the centrifugal spinning. And in this paper, the centrifugal spinning and the electrospinning are compared. The centrifugal spinning is a more proper way to produce nanofibers, although there are some achievements, this method also has a lot of problems that need to be studied. For example, the parameters that affect the nanofibers production and the morphology of nanofibers are already analyzed, but due to the complexity of these factors, the mathematical model that can describe the relationship between these parameters and the diameter of nanofibers is not established, and there is no effective way to solve the problems that are relation to the effects of solvent evaporation and temperature on fiber diameter and morphology. But with the development of science and technology, there will be more and more researches on these problems and the centrifugal spinning will finally be widely used.
